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Th.s  technical  note  is  the  final  report  covering  the  period  1  let 
83  to  30  Sep  84  in  response  to  NASA  A  1  0  4  9  8  C  sponsored  by  the  NASA 
Ames  Research  Center  and  administerd  by  Mr.  W.P.  Nelms,  and  in 
response  to  AMD/RDS  8  4  n  1  6  sponsored  by  AFAMRL/CC  (CREST)  and 
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■Jack  D.  Mattingly  were  the  principal  investigators  for  this  effort 
aided  by  the  faculty  and  cadets  at  the  Air  Force  Academy.  Of 
particular  note  is  the  contribution  of  2  L  t  Lawrence  Reed,  former 
.student  and  now  Air  Force  officer,  who  is  the  principal  author  for 
this  paper.  The  paper  documents  the  current  status  of  the 
sevenrhole  probe  developed  at  the  Air  Force  Academy  under  the 
sponsorship  of  the  NASA  Ames  Research  Center. 


THE  SEVEN-HOLE  PRESSURE  PROBE 


Lawrence  Reed*,  Jack  D.  Mattingly**,  and  Frederick  Jonas** 

Abstract 

Thin  paper  documents  recent  and  past  developments  with  re: -,p. 
the  sever -hole  pressure  probe.  Included  are  discussions  on 
he  resign,  construction,  calibration,  and  measurement 
abilities.  The  effects  on  probe  measurements  in  shear  flows, 

I  as  methods  of  correction,  are  also  included.  Finally, 
ear oh  application-  in  the  measurement  of  unknown  flowfields  ar 
sc n ted.  As  shown,  the  seven^hole  pressure  probe  is  a  valuable 
y  accurate  .  evice  for  qualitatively  or  quantitatively 
T'enting  unknown  flowfields. 


1  r  1 1 r-  o  d  u  c  t  i  o  n 


1  he  purpose  of  this  paper  is  to  document  recent  and  past 
• . o psients  with  respect  to  the  seven-hole  pressure  probe 
eloped  at  the  United  States  A  i  F  ,rca  Academy  in  conjunction 
h  the  NASA  Ames  Research  Center.  As  with  all  pressure  probes, 
:  ■  •/•?:: -no  I  o  probe  can  be  used  to  map  unknown  internal  or 
err, a.  flowfields,  giving  valuable  information  to  the 
• j  :i  am  i  c  i t .  The  advantage  of  the  seven-hole  probe  over  other- 
w  d  measuring  devices  is  its  widely  expanded  measurement 
and  flexibility.  To  document  this  effort,  Section  II 
tents  brief  background  material  about  the  probe's  design  and 
Section  III  includes  an  overview  of  probe  calibration  in 
form  flows,  both  compressible  and  incompressible.  In  Section 
recent  rosuitj  of  investigations  Into  probe  measurement 
I’ilities  in  shear-  flow  environments  are  presented, 
surement  capabilities  as  well  as  measurement  sources  of  error- 
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i  r  >>  iliac  us  sed  in  Section  V.  Finally,  recent  research  efforts  on 
the  application  of  seven  hole  probe  measurements  in  unknown  fiows 
ire  presented  in  Section  VI. 

1  I  .  background 

Numerous  techniques  are  available  to  measure  unknown  flow 
fields.  While  methods  such  as  tufts,  streamers,  and  vanes  are 
primarily  used  for  flow  visualization,  they  are  insufficient  for 
quantitative  information.  Detailed  data  on  flow  size,  direction, 
in',  pressure  usually  require  direct  obtrusive  flow  measurement. 

One  of  the  oldest  known  quantitative  techniques  may  be  found 
in  the  pressure  probe.  Although  other  techniques,  such  as  hot  wire 
anemometers  and  laser  doppler  anemometers,  have  been  developed, 
pressure  probes  are  desirable  from  a  flight  vehicle  standpoint 
because  of  their  simplicity  and  ruggedness  (Ref  1).  Coupled  with 
relatively  low  cost,  pressure  probes  are  an  excellent  measurement 
device  for  research,  development,  and  industrial  applications. 

me  of  the  classic  problem.'  in  ct ' -us  i  v  e  e  n  t  Is 

the  disturbance  caused  by  a  probe  to  the  flow  field  it  is 
m  o  a  suring.  For  certain  applications,  such  as  air  •  r  a  f  t  pitot-  r.  tat  i  o 
ton..'.,  t  >'  i  .  ■  •  •  •  ■  '  ’  t  0 1"  h  a  *  :  : ;  n  i  s  ’ ».  '  t  .  ,  ,  j  >  ■  c  t  <•.  up. 

■  •  r. :  ",  for'  ;  ■  •  *  ■ .  •  .  .  r  • .  •  •  <  ..... 

f  •  low  d  S  t  a  :•  <  a  for  <  t  her  ai.-p  i  if:.'  .•  a  •' 


was  developed  at  the  United  States  Air  Force  Academy  to  increase 
the  measurement  ratine  of  a  non-nulling  pressure  probe  while 
minimizing  probe  size. 

A.  Nulling  Versus  Stationary  Probes 

The  increased  measurement  range  of  a  multi-hole  probe  revolve:; 
on  its  ability  to  sense  more  pressures  at  the  face  of  the  probe. 

Two  procedures,  nulling  and  stationary,  may  be  used  to  acquire  the 
pressure  data.  A  nulling  probe  is  rotated  in  one  or  two  planes 
until  opposing  peripheral  ports  measure  equal  pressures.  The 
corresponding  angle  of  rotation  determines  the  flow  angle.  For  the 
non -r:  u  1  1  i  ng  approach,  the  probe  is  neld  stationary  as  pressures  in 
opposing  peripheral  ports  are  recorded.  The  pressure  differences 
are  then  transformed  to  flow  angles  through  previously  known 
calibration  relationships.  Although  the  nulling  procedure  allows 
analysis  of  high  angle  flow,  it  is  mechanically  complex,  time 
consuming,  and  hence,  may  not  be  cost  effective.  On  the  other 
barn:,  stationary  probes  with  up  to  five  holes  are  incapable  of 
accurate  measurements  at  high  local  flow  angles  (greater  than  j 0 
degrees)  because  of  flow  separation  around  the  probe  tip. 

Explained  in  detail  in  a  later  section,  the  seven  hole  probe  is  the 
only  nonrnuliing  probe  that  can  determine  flow  angles  up  to  70 
degrees  relative  to  its  axis.  When  combined  with  a  computerized 
data  acquisition  system,  the  probe  may  record  nearly  two  data 
points  per  second.  This  rate  is  significantly  faster  than  current 
nulling  devices,  which  require  con:,  i derab 1 e  time  for  the  balancing 
of  probe  tip  pressures  before  each  measurement  can  be  taken  (Ref. 

t‘  I  , 

.  Analytical  Model  of  Pressure  Probe 
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where  f  denotes  the  body-geometry  function  given  by 
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Tne  superscript  prime  (’)  denotes  the  derivative  with  respect  to 
the  variable  z,  and  6  =  1  “  M  «. 

Tne  pressure  coefficient  is  defined  as 
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wrier-  e  f  is  to  be  evaluated  on  the  body  surface,  i.e.  r  =  R ,  Equation 
u  represents  the  major  result  of  Huffman's  analysis  and  can  be  usee 
t.)  determine  probe  angular  and  static  pressure  sensitivity  for 
arbitrary  geometries. 

The  pressure  difference  between  ports  on  opposite  sides  of  the 
probe  is  used  to  determine  the  flow  angularity.  Since  the  side 
ports  of  the  probe  are  at  the  same  z  and  r  locations,  the  pressure 

difference  is  proportional  to  the  difference  of  Cp  values  at 
different  0  locations  and 


-  s  i  n  '  r  [  sin  '  .  -  s  i  n  2  .  +  (  R  1  )  2  (  c  u  .  .-coshv,  j 

.)  i  l  : 

tisin'i  o  o  s  :  t-  |  c  o  s  2  i.)  .  -  c  o  s  2  < »  +  (  K  '  )  ?  (  s  i  n  '  .-sin'  >  ,  )  ]  (  ‘  ' 

!  1  1 

+  1  si  nt  s  i  n  2  [  1  —  (  R  *  )  '  |  (sin2^-sin2;..| 

-2R'(l+f/2)icosu  s  i  n  2  h  (cos<^~cos'.)+sin2i  cos'  \‘.  (sin  .-sin  ,  )  ] 


y 


FRONT  VIEW  SIDE  VIEW 


Figure  3.  SEVEN-HOLE  PROBE 


For  the  seven-hole  probe  shown  in  Figure  3,  the  six  holes  on  th< 

o  o  o  o 

side  face  are  located  at  Qt-90  ,  q2-150  ,  ©3-210  ,  ©^=270  , 
0:3=330°,  and  ©5  =  30°.  The  resulting  three  pressure  coefficient 
differences  for  opposite  side  holes  are 


AC ,-C  -C  -  4  R ' ( 1  +  f / 2 )  s 1 n  2a  cos^B 
1  P4  P1 

A  C  ■  C  -C  *  2R'(l+f/2)[  3  cos a  sin20+sin2a  cos26] 
P  3  P  6 

AC  -  -C  -C  -  2  R  '  (  1  +  f / 2 ) [  3  cosa  sin2B-sin2a  cos20) 
3  p  2  P5 


These  three  pressure  coefficients  can  be  combined  into  a 
coefficient  that  is  mainly  dependent  on  the  flow  angle  a  and 
another  coefficient  that  is  mainly  dependent  on  the  flow  angle  ti 

as  follows: 


)  ^  r  4-  r  — AC 
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sensitivity 


i .  . n g e s  in  flow  angle  is  defined  as 


The  ver age  pressure  coefficient  can  be  used  to  determine  the 


flow-field  static  pressure,  P<».  Cp  is  evaluated  at  a  number  of 
theta  values  and  the  results  summed  and  divided  by  the  number  of 
theta  values.  For  the  seven-hole  probe  of  Figure  3,  this  process 


Huffman  developed  an  expression  for  a  quasi  total  pressure 
f his  analysis  by  integrating  the  pressure  over  the  body 
surface,  resolving  this  force  into  an  axial  component,  and  dividing 
by  the  cross  sectional  area.  His  relationship  is 


<■>>• 


0  o  s 


*  a  cos  d 


j 


(,R“  )  1  [  f  +  f  /4+(R‘)  )dz-sin  i- sin ‘Hi  cos'  , 


(  1  1 


l  b 

•e  i  denotes  the  integration  length. 

For  a  conical  shaped  body,  R'  is  constant  and  Equation  11 
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p  r  o  b  e  calibration  can  be  obtained  r  y 


.  t  u  d  y  i  n  r  t  i'.  e  p  i  o  *  j!  u  and  p  versus  *.  C  a  and  ..  C  tJ  in  F  i  g  u  n  e  ‘>  ■  the*  , 
.  f  p)  versus  a  .•>  n  1  B  in  F  i  g  u  r  e  o,  the  plot  of  versus 


u  a  r; 


3  in  Figure  '<  ,  and 


the  plot  of  ^Cp^z-^Cp^ 


versus  a  and  g  in  F i r u r 


Figures  through  8  were  calculated  for  R  1  -  .  2  6  8  and  1-0.  Not 
l  o  near  linear  pel  .tion  between  each  angle  and  i  1 3  respective 
res  sure  coefficient  as  shown  in  Figure  5.  Also,  the  nearly 

:  i  r  cl  1  a  r  contours  of  constant  ^-p)  ’  z  ’  anc*  [(cp>2-<cp>]  13 


shown  in  Figures  b,7,  and  8,  respectively.  Probe  manufacturing 
imperfection  and  angular  misalignment  of  the  pressure  ports  will 


: a u s e  these  curves  to  become  somewhat  distorted 


re  5.  C,  VEPSUG  '  Cv.  FOR  A  TYPICAL  FLOW 
PROBE  (REF  re) 
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.  CONTOURS  OF  CONSTANT  <Cp>r-<Cp> 
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Seven- Hole  Probe  Design 


The  seven-hole  probe  Is  characterized  by  six  periphery  ports 
surrounding  one  central  port  (Fig.  9).  The  probe  is  constructed 
by  packing  seven  properly  sized  stainless  steel  tubes  into  a 
stainless  steel  casing.  For  the  current  probe  used  at  the  Air 
Force  Academy,  the  inner  seven  tubes  have  an  outside  diameter  of 
.OSd  inches  with  a  .005-inch  wall  thickness.  Once  assembled  in  the 
order  shown  below,  the  tubes  are  soldered  together  and  machined  to 
the  a. ('.sired  half  angle  t  (usually  25  or  30  degrees)  at  the  tip 
(Fief.  2).  It  should  be  noted  that  the  manufacture  of  seven-hole 
probes  (versus  four/five  hole  probes)  is  much  simpler  due  to  this 
packing  arrangement. 


STAINLESS  TUBING 


Figure  9.  PROBE  GEOMETRY 


111.  Seven-Hole  Probe-  Calibration  Theory 

Because  of  t  h  i  r  small  sire  and  individual  construction,  all 
probes  have  inherent  manufacturing  defects  that  require  the  uni  ;uo 
calibration  of  each  probe.  Gallington  (Ref.  2  *4  )  developed  the 
cl  1 i oration  theory  required  for  incompressible,  uniform  flows.  ii  i  s 
power  series  method  produces  explicit  polynominal  expressions  for 
the  desired  aerodynamic  properties  and  is  easily  programmed.  The 
following  section  presents  a  synopsis  of  Gallington's  scheme  for 
incompressible,  uniform  flow  calibration  as  presented  by  Gallington 
(Ref.  .’4)  and  by  Gerner  and  Maurer  (Ref  2). 

A.  Low  Versus  High  Flow  Angles,  ! '•  cc.r.pr  ess  i  t  1  e  Flow 

In  this  calibration  technique  for  incompressible,  uniform 
flow,  the  probe  face  Is  divided  into  two  sectors.  The  inner  flow 
sector  deals  with  low  flow  angles  in  which  the  angle  between  the 
probe's  axis  and  the  freestream  velocity  vector  is  less  than  30 
degrees.  The  other  or  outer  sector  deals  with  high  flow  angles  of 
over  30  degrees.  Thirty  degrees  is  the  dividing  point  because  flow 
typically  begins  to  detach  over  the  top  surface  of  the  probe  tip 
around  this  local  flow  angle.  The  hole  numbering  system  used  for 
both  sectors  and  the  remainder  of  the  report  is  as  follows: 


FRONT  VIEW 


SIDE  VIEW 


Figure  10.  PORT  NUMBERING  CONVENTION  AND  PRINCIPAL  AXES 


T -i *'  x-axis  is  defined  to  be  positive  in  the  unperturbed  freestream 


flow  direction.  The  origin  is  a  point  at  the  tip  of  the  cone 
formed  by  the  probe  (Fig.  10). 
d.  Probe  Axis  System  for  Low  Flow  Angles 

The  axis  system  for  low  flow  angles  is  the  tangential 
alpha  •'bet  a  system  depicted  below  (Fig.  11).  The  angle  of 
attack,  alpha  ..ax),  is  measured  directly  as  the  projection  on  the 
x^plane.  To  preserve  symmetry,  the  angle  of  sideslip  (6j)  is 
measured  directly  as  the  projection  on  the  y-plane. 


TANGENT 
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As  the  numerator  measures  changes  in  flow  angularity,  the 
denominator  nond i me  ns i ona  1  i ze s  the  expression  with  the  apparent 

dynamic  pressure.  The  center  port  pressure,  Py,  approximates  the 
local  total  pressure  while  the  average  of  the  c i rcumf erent i  a  1  port 

pressures  P  t  —  5  approximates  the  local  static  pressure.  To 
transform  these  pressure  coefficients  to  the  tangential  reference 
system,  Gallington  (Ref.  24)  formulates  the  following 
relationships  : 


C  =  ^  (2C  +  C 
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it  is  important  to  realize  that  Ca  and  Cg  are  not  independent  of 
each  other;  that  is,  Ca  is  a  function  of  all  six  peripheral  ports 
while  C  £  is  a  function  of  all  but  ports  1  and  4  . 

Besides  the  two  angular  pressure  coefficients,  two  other  low 

angle  pressure  coefficients,  CQ  and  Cq,  are  defined  in  Gallington's 
work  (Ref.  24): 
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C 0  is  the  apparent  total  pressure  coefficient  with  respect  to  each 
hole  and  is  a  means  to  convert  actual  pressures  measured  by  the 
probe  to  accurate  values  of  local  total  pressure.  The  numerator 
measures  the  difference  between  the  approximate  total  pressure 


measured  by  the  center  port  P  7  and  the  actual  local  total  pressure 
P 0 L .  As  wibh  the  previous  coefficients,  the  denominator 
nondimensionalir.es  the  expression  with  the  apparent  loca.  dynamic 
pressure. 

The  velocity  pressure  coefficient,  Cq,  serves  a  similar 
conversion  function  as  C0  except  that  it  relates  the  probe 
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pressures  to  the  actual  dynamic  pressure.  The  numerator  in  this 
coefficient  represents  the  probe’s  approximation  of  the  local 
dynamic  pressure  while  the  denominator  represents  the  actual 
*.  /ramie  pressure  of  the  freestream  test  conditions. 

; ; .  Probe  Axis  System  for  High  Flow  Angles 

The  real  advantage  of  using  the  non*nulling  seven*hole  probe 
jver  other  multi"hole  probes  appears  in  the  ability  to  measure 
high-angle  flows.  At  high  angles  of  attack  (  greater  than  30 
degrees),  the  flow  detaches  over  the  upper  surface  of  the  probe, 
and  pressure  ports  in  the  separated  wake  are  insensitive  to  small 
changes  in  flow  angularity  (Fig.  12). 


Figure  12.  FLOW  PAT  T£Pf\'  OVER  SEVEN- HOLE  PROBE 
AT  HIGH  ANGLE  OF  ATTACK 


Consequently,  high  angle  measurements  must  only  be  made  from  ports 
in  the  attached  flow.  Five^hole  and  other  pressure  probes  hjvo 
been  ineffective  in  this  regime  due  to  this  flow  separation  and 
lack  of  sensing  ports  in  the  attached  flow  region.  The  seventh..  1  ■■ 
probe  avoids  this  problem  because  at  least  three  ports  remain  in 
the  attached  flow  region,  allowing  sufficient  data  to  be  recorded 
to  document  the  flow  angle. 

According  to  Gallington,  the  tangential  reference  system  in 
inappropriate  at  high  flow  angles  because  of  indeterminate  angles 
am;  singularities  (Ref.  24).  Instead,  the  polar  refer ence  system 
is  used  (Fig.  13)  where  9  represents  the  pitch  angle  and  <t> 
represents  the  roll  angle. 


Figure  13.  HIGH  ANGLE  REFERENCE  SYSTEM 


‘•'.ire  specifically,  9  denotes  the  angle  that  the  velocity  vector 
forms  with  respect  to  the  probes’s  x-axis,  and  $  signifies  the 
azimuthal  orientation  of  the  velocity  vector  in  the  y-z  plane.  Wo 
should  note  that  a  positive  $>  is  measured  counterclockwise  from  the 


the  negative  ?.  axis  when  the  probe  is  viewed  from  the  front. 


d  ise.l  on  ■ ; a  1  Imgton's  original  work  with  the  seven-hole  pro!  r 
i  •.  nigh  angles  or'  attack  ,  Gerner  and  Mauer  accomplished  the 
r  1  lowing  i  n.  a  l  y  s  i (Kef  2  )  .  K  u  e  t  h  e  and  Chow's  Foundations 
:  Aerodynamics:  bases  of  Aerodynamic  Design,  explains  that  the 
:  :■  a  t  i  o  n  points  of  a  cylinder  in  turbulent  flow  are  over  100 
:•  rr-'es  from  t !. e  frontal  stagnation  point.  Flow  around  a  conical 
•  inch  is  i  :  robe  tip  was  likely  to  remain  attached  longer,  and 

c-velocity  component  was  prone  to  extend  the  separation  point 
!  w :: t ••  earn  even  further.  Therefore,  for  the  high  angle  flow  shown 
in  Figure  1  ■•  ,  ports  3,  A,  5,  and  7  lie  in  attached  flow,  and  port 
'■  i  ■  s  i  r.  separated  flow.  The  flow  over  po’ts  2  and  6  is 
op-  od  i  ctab }  e  ,  and  their  readings  a.  ?  discarded  (Ref.  2). 


Figure  14.  FLOW  OVER  PROBE  AT  HIGH  ANGLE  OF  ATTACK 


Unlike  low  flow  angles,  however  , 


the  eontf 


pressure  differences, 
pert,  pressure  is  -.n  w  the  most  dependent  port  on  local  flow  .1  rig  I  •• . 
'  o  nse  c  u  en  1 1  y  ,  a  pitch  angular  pressure  coefficient  should  mear.ur  • 
the  difference  between  the  center  port  and  a  new  stagnation  per  t . 


in  the  example  below,  the  pressure  at  P 4  approximates  the  local 
t o t  a  1  pressure. 

C. 


P„  -  P- 


P  1  +  P  ■ 


T:.e  expression  is  again  norid  l  mens  ional  i  zed  by  the  apparent  dynami 

pressure.  The  average  of  P  3  and  P  5  approximates  the  static 
pressure  anci  is  relatively  independent  to  changes  in  roll. 

Although  the  average  is  Independent  of<t>  ,  the  difference  is 
sensitive  to  roil  angle.  As  the  probe's  azimuthal  orientation 
changes,  the  windward  pressure  rises  and  the  leeward  pressure 
falls.  The  result  is  a  roil  angular  pressure  coefficient  ( examp  1 
for  port  A  is  Equation  8  below)  that  is  also  nondi  mens  iona  1  i ::  ed  b 
the  apparent  dynamic  pressure. 

P>  -  P-, 

p.  -  A'  -  >"  (, 

2 

The  high  flow*’ angle  C0  and  Cq  coefficients  are  translated  fr 
t  h  e  i  r  low  flow  angle  counterparts  using  the  same  rationale  found 

the  development  of  Gy  and  C  $ .  The  low«angle  C0  and  Cq 
coefficients  are  changed  to  account  for  the  different  ports  t’>.  it 
-e present  total  and  static  pressures  in  the  high-angle  regime.  T 
equations  for  G . . .  C*.  C ^ .  and  0  ,  are  as  follows: 


+  Un 


F.  Division  of  Angular  Space 

The  most  obvious  difference  between  low  and  high  pressure 
coefficients  is  that  six  high  coefficients  are  needed  for  the  high 
angles.  This  fact  leads  to  the  question  of  what  factors  determine 
when  a  certain  set  of  coefficients  should  be  employed.  Gallington 
proposes  the  "division  of  angular  space"  shown  in  Figure  lb  (Ref. 

? )  . 


Flgur#  16.  DIVISION  OF  ANOUIAP  SPACE 


This  method  separates  probe  measurements  into  seven  sectors 
a  central  low  angle  sector  and  six  circumferential  high  angle 


sectors.  Data  points  are  placed  in  a  given  sector  based  on  the 

i 

;  highest  port  pressure  measured  on  the  probe. 

0.  Polynomial  Power  Series  Expansion 

Once  the  pressure  coefficients  are  calculated,  they  must  be 

t 

I  converted  to  u  T,  $T,  CQ ,  or  Cq  for  low  angle  flows  and  0  ,  <j>  ,  CQ,  or 

i  0,  for  high  angle  flows.  This  conversion  is  accomplished  by 

•  o’,  ving  the  following  fourth  order  power  series: 


Aa  =  Kj  + 


K'CCi  +  K>CBl  + 

^Cai  +  *&alC6l  +  K‘CB.  ♦ 

K7C3  +  K0C2  C  +  K,C  c;  +  K*0C3  + 

“i  01  i  3 i  04  61  10  Si 

Ki  iC!  .  +  K?2C3  C.  +  KijC*  C*  +  K^C  C?  +  K*SC^ 


“i  Si 


«i  61 


“i 


6i 


Order  of  Terms 
Oth 
1st 

2nd  (21) 

3rd 

4th 


"A"  signifies  the  desired  output  quantity  with  the  subscript 
denoting  the  ith  such  quantity.  "K"  denotes  the  presently  unknown 
calibration  coefficients.  The  calibration  process  entails  finding 
these  calibration  coefficients  with  the  A's  as  known  conditions  and 
the  C's  as  measured  pressure  coefficients  at  these  known 
conditions. 
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'etermination  of  Calibration  Coefficients 
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(23) 


^-vi:,g  f  ; r  [k]  by  the  least  squares  curve  fit  outlined  oy  Netter  and 
-vasserman  in  Gal  l  ir.gton  (Ref.  24 )  ,  the  following  is  obtained: 


IK]  -  r  cTc ] “ 1 r C 1 T [ A ] 

With  "  nw  ::  i  ■  a  *  i  e  r  :  r.  • 


■  r  -  !-  ■ 


(2  4) 
;  to 


i  n<  out:  u  i  ci  s  i  t  1  *.  s  (  n  T  .  C  C  ,  •-  -  ,  $  , 

■  •’  u  r.  v  r  .  i  w  f  -  e  c  .  .  :  a  ..  .  •  • .  ■  •  at. 

:>  this  point  the  flow  field  has  been  uniform  and 

:  '  1  •  .  •  *■  :  Cure  or  velocity  g r  i  ‘  i  r  n  t  s  have  not  K  v> c  n 

'  r  *.  f  ”  •  -*  5  mi’  >’ ,  while  the  local  total  and  dynamic 

'  '  ‘  i  ' .  • '  '  '  '  1  r:d  1 '  :  ■  i  i  O  ’  *  :  r  or.  t »:  »•  ’  •  :  : 


* 


easily  determined  by  substituting  CD  and  Cq  into  Equation  lb  'low 
angles)  or  Equation  70  (high  angles). 

I.  Extension  to  Compressible  Flows 

Corner  and  Maurer  (Ref.  2)  expanded  the  technique  to  subsonic 
compressible  flows  with  the  Introduction  of  a  nondimensional 
pressure  coefficient  representative  of  compressibility  effects. 

This  coefficient, CM,  had  to  become  insignificant  at  very  low  /■'ach 
numbers;  thus,  any  terms  bearing  in  the  power  series  expansion 
would  have  to  approach  zero  as  Mach  approached  zero.  This  would 
leave  essentially  an  incompressible  power  series  with  the  regular 
two  angular  pressure  coefficients  as  previously  described.  Because 
pressure  probes  are  unable  to  determine  Mach  number  in  the 
hypersonic  range, CM  had  to  approach  a  finite  limit  at  very  high 
Mach  numbers.  Consequently,  large  changes  of  Mach  numbers  in  this 
region  would  have  negigible  effect  on  the  compressibility 
coefficient. 

Gerner  and  Maurer  (Ref.  2)  found  that  these  requirements  were 
satisfied  by  the  apparent  dynauic-to-total- pressure  ratio  (low 
angles ) . 
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Similarly,  for  high  angle  flow,  the  compressibility  coefficient  ii 
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each  sector  is; 


One  of  the  primary  problems  of  extending  the  seven^hole 
prone's  capabilities  into  compressible  flow  lies  in  the 
mathematics.  First,  by  adding  a  third  coefficient  to  the  fourth 
order  power  series,  the  number  of  terms  and  hence  calibration 
e."  10  ients  jumps  from  15  to  35.  Gerner  and  Mauer  say  that 

tp  c  i  mate  1  y  So  data  points  in  two  variables  (Co  and  C0  )  for  each 
' '  f  the  seven  sectors  are  needed  for  a  complete  incompressible 
e.i :  i  hr  It  ion .  That  fact  results  in  560  data  points,  and  the 
ii:  tton  of  a  Maori  number  compressibility  coefficient  na,  as  the 
Oat  i  set  unwieldy  (Ref.  2).  These  two  factors  create  complex  and 
t i m e  consuming  matrix  operations.  Additionally,  the  amount  of  run 
time  needed  to  operate  the  wind  tunnel  for  all  of  the  calibration 
data  points  is  prohibitive  as  well  as  costly. 

Gerner  and  Maurer  suggest  a  two-part  solution  to  make  the 
addition  of  C  ^  feasible.  By  reducing  the  fourth  order  power 
series  to  a  third  order,  the  number  of  calibration 

co e f f i o i e n t s  is  reduced  to  20.  Gerner  and  waurer  a  Is  >  decrease  the 
number  of  data  points  required  for  calibration  by  employing  a  6x6 
Latin  Square  technique  (Ref.  2)  for  purposes  of  obtaining 
calibration  d  -  • ,  •■>  Latin  Square  is  a  numerical  method  that 

en;  j  e  3  a  :i  omogerU;  •  in  :  it;  .  c  a  h  r  ..  i  mens iona 1 


probe  *^rn  x  r.corpora  ting  ttes  i.  ct.  ;  c,  g  .  '<> 

.  r  r:  -  '  unions  for  compressible  flow.  The  third 
"  accurately  represents  tne  par  am.  ft-  r 
;  deer  <  e r.  of  i  t. c k>  .  Next  ,  h a s c a  o? 
•  . two  .  tv'G  stand  or  .  ..c.  u.i.:  • 


Squares  produce  a  sample  which  accurately  represents  a  very  larva1 


three-dimensional  parameter  space. 

With  these  changes,  the  sevennhole  probe  may  now  be  used  in 
an  unknown  uniform,  compressible  flow.  Since  the  seven^hole  probe 
has  never  been  subjected  to  supersonic  applications,  no  shocks  will 
lie  ahead  of  the  probe,  and  the  isentropic  flow  relationship  is 
employed  to  find  Mach  number  (Ref.  2 )  . 

m.,  -  ~  <  ii  -d  (?7) 

Knowing  C0,  C  q  ,  and  the  seven  port  pressures,  the  local  Mach  number’ 
may  be  determined  explicitly  from  the  dynamic  to  total  pressure 
ratio.  This  ratio  for  the  inner  sector  is  represented  in  Equation 
28  below  (Ref.  2). 


(Cq 


(28  ) 


Similar  equations  for  the  outer  sectors  may  be  derived,  using  the 
appropriate  port  pressures  for  approximate  total  and  dynamic 
pressures  . 

I V .  Seven-Hole  Probe  in  Shear  Flow 

Under  the  present  calibration  scheme,  the  existence  of  a 

velocity  gradient  in  the  flow  will  cause  the  probe  to  measure  an 

erroneous  uniform  flow  at  i.ctitious  flow  angle.  For  example,  a 

o  o 

flow  having  the  properties  M».3.a*0  ,3-0  ,  with  a  velocity  gradient 
(Fig. 16)  might  cause  the  probe  to  "thinK"  that  it  sees  a  flow  with 
a  certain  angularity,  say  6=10°  (see  Fig.  17). 


Figure  16.  ACTUAL  FLOW  CONDITION 


a  17.  APPARENT  FLOW  CONOPi^N 


d  o  t  e  rm  i  n  ed  .  Then  using  the  "  ba  c  k  s  t  e  p  p  i  ng  "  technique  ileve  loped  in 
the  following  sections,  the  apparent  measured  values  can  be 
corrected  to  the  actual  flow  values. 

A .  "lender  body  Theory 

The  slender  body  theory  developed  by  Huffman  is  utilized  in 
this  section  to  model  flow  around  the  probe  (Ref.  20).  With  this 
nod--',.,  the  probe’s  port  pressure  coefficients  can  be  estimated  as 
i  :,i:i  't  ion  of  flow  angularity.  Using  Huffman's  method  of  viewing 

t,  r  i  >  probe  as  a  small  perturbation  to  an  otherwise  uniform  stream, 
tne  pressure  coefficients  are  determined  by  analytic  means, 
further,  the  model  determines  the  variation  of  pressure 
coefficients  with  flow  direction.  Not  included  are  viscous  or  flow 
separation  effects  as  the  theory  is  based  on  potential  flow. 

The  body -geomet ry  function,  f,  is  a  parameter  used  to  define 
the  geometric  characteristics  of  a  slender  body  and  is  given  in 
:iqu  it  ion  2.  Huffman  incorporates  the  body  shape  function  into 
ot’.eu  lit  ions  f  the  pressure  coefficient  as  given  by  Equation 

u.  A  simplified  form  of  Equation  *»  was  used  in  this  analysis  as 
give r  below. 

C  =  cos^  a  cos^  8[-  f  -  (R')^]  +  sin^  0 [ 1  -  4  sin^  0] 

P ,  ■  (20) 

-c  2  2  2 

+  sin*-  a  cos  6(1-4  cos  0]  +  cos  a  sin  20 ( -2R '  cos  0] 

2 

+  sin  2a  cos  0 [ -2R ’  sin  0]  +  sin  2a  cos  0(4  sin  0  cos  0] 

where  Rf  is  dR/dX  with  R  as  the  radius  of  the  probe,  and  (G)  is  tne 
angle  measured  from  the  y Maxis  to  the  pressure  port  in  question. 

The  subscript  "c”  signifies  that  the  approx i ma t  i  on  is  valid  for 
uniform  i n  c  o  m  p  r  e  s  s i n  1  e  f  1  o  w  . 


Me  t  unot 1  n  that  Huffman  develops  f jr  the  prcssui 
i  e  l  e  n  t  it.  port  7  simplifies  to  Equation  30. 

2  2  2  2  2 
C  =  cos  a  cos  6  -  sin  6  -  sin  a  cos  S 
P7 


mast  a'l.-.e  that  slender  body  theory  is  only  an 
■  :  1 1  e  ".<■  ;  of  flow  around  the  sevennhole  probe.  The  reason 

-  *••:•••  t*-:- from  the  conditions  that  the  be  Jy  rad  i  us  is  r.uch 

trie  :  v  length  (slender  body),  and  that,  it  is  easily 
'  :  ’•«.  CM..:r.  ;.-r  ras  1 M  e  flows.  The  only  problem  with  this  i  p r  <'.irh 
it  it  as:  umea  that  the  rate  of  change  of  body  radius  with 
et  to  hod  /  length  must  be  small.  The  seven-hole  probe  does 
ocipleteiy  conform  to  this  assumption  for  two  reasons.  First, 
robe  has  a  blunt  tip  with  a  slope  discontinuity,  while  slender 
theory  assumes  an  aerodynamically  smooth  body  coming  to  a 
.  because  the  tip  is  blunt,  flow  disturbances  originate  it 
tip.  fe;or:d,  I  u  e  to  the  orientation  of  the  peripheral  h->  i  <; 
'res,  s  Ararat  lor:  recur  :  •  r.  -  ....  .  ■.  t  ... 


tack.  blonder  body  theory  assumes  non^sep.ira.te  i 
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Figure  18.  PREDICTED  AND  MEASURED  Cp  FOR  HOLE 
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Figure  1  Wa.  8EVFM-HOLE  PROBE  IN  A  SHEAR  QRADIENT 
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ttu-  ileterminat  ion  of  point  (x,y,z).  The  vector  analysis  behind 
location  of  point  U , y , z )  is  explained  in  detail  in  Johnson  and 
Heed  (Ref.  2 t>  )  .  T  h  -  results  are  as  follows: 

x  =  +  (xy  -  Xj)  cosa  cos0  -  cosa  cosB  l y i  sing  +  z[  sina  cosB] 

y  “  yi  +  (x  -  x  ^ )  tang/cosa 
z  »  Z|  +  (x  -  x^)  Lana 


Port 

(i) 

Xi 

yi 

zi 

1 

s/2tan  e 

(s/2kos£ 

(s/2)sin0j 
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(s/2) sinG, 

4 

5 

s/2tan  e 

(s/2)cosu^ 
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7 

d/2tan  e 

0 

0 

Since  x | ,  y  ^  ,  and  x  7  are  known  values,  the  knowledge  of  a  L  p  h 

and  beta  will  locate  the  point  ( x , y  ,  z  '  . 

E.  Shear  Flow  Measurement  Corrections 
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.  c  ;  i  r  i  r.g  the  actual  to  the  apparent  angular  pressure 
o  o  ••  f  f  i  c  units,  the  actual  angles  can  be  incremented  until  the 
rent  and  actual  coefficients  are  equal.  This  procedure 
i:,  :;.'  ites  the  flow  angle  errors  inherent  in  the  measurement  of 

v  <  1  i t  y  gr adients. 

in  order  to  determine  the  effects  of  different  shear  gradient 
at  virying  alphas  and  betas,  Johnson  and  Reed  (Ref.  25)  calculated 
tr..-  t;  parent  flow  angles  resulting  from  a  span  of  actual  flow 
an.-;  ;  i  and  shear  gradients.  The  calculations  show  the  errors 

>  •  e  t  the  apparent  angles  and  actual  input  values.  Consequently 

the  actual  flow  angles  can  be  determined  by  backstepping  from  the 
apparent  angles.  Although  these  calculations  only  allow  manual 
corrections  to  apparent  measurements,  the  theory  of  this  section 
car:  be  used  to  generate  a  family  of  data  points.  These  points  may 
then  be  input  into  a  computer  surface  fitting  scheme  for  highly 
accurate,  near  real-time  correction  to  the  apparent  data. 

'  -  ■ '  y  ■  -  Jo  1  e  R r  o be  Mease-  erne  n  c  C  a  p a  b  1  i  i  1 1  e s 

Three  key  elements  of  the  seven- hole  probe’s  measurement 
effectiveness  in  unknown  flows  are  discussed  further  in  order  to 
t . :  viie  an  u >  - 1  e  ■  a  ■  r "  i  n g  of  the  basics  behind  its  actual  and 
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probes,  seven -hole  probe  calibration  allows  for  the  relative  flow 
angles,  total  pressure,  and  static  pressure  to  be  determined 
explicitly.  With  computer  processing,  these  calculations  are 
performed  in  near  real  time. 

As  discussed  earlier,  problems  with  the  present  calibration 
arise  when  attempting  to  make  measurements  in  shear  flow.  This  i 
b ecu  use  the  present  calibration  and  associated  calibration 
coefficients  are  determined  in  a  uniform  flow.  Jonas  recorded 
measurement  discrepancies  in  his  attempts  to  use  the  seven -hole 
probe  to  map  unknown  flow  fields  with  suspected  shear  (Ref.  26). 
.'Specifically,  he  compared  seven*»hole  and  total  pressure  probe 
measurements  in  a  vortex  wake  created  by  the  wing  leading-edge 
extensions  of  a  Nortnrop  VATOL  model. 
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the  .seven-hole  probe. 


One  must  realize  that  the  total  pressure 


probe  was  bent  at  an  angle  based  on  measurements  made  using  the 
seven-hole  pressure  probe.  Since  the  seven-hole  measurements  were 
made  in  a  region  of  high  shear  flow,  the  local  flow  angularity 
reading  may  also  be  erroneous.  Consequently,  the  flow  around  the 
tin  of  the  total  pressure  probe  supposedly  aligned  with  the  local 
flow  might  also  be  separated,  again  leading  to  false  pressure 

readings.  The  average  value  for  C-poT AL  the  bent  total  pressure 
however',  remains  negative.  This  evidence  seems  to  confirm 
our  theoretical  expectations  of  viscous  effects. 

Although  the  contradictive  probe  readings  seem  to  indicate 
incorrect  probe  measurements  in  the  high  shear  regime,  the 

possibility  of  positive  C  7  q  T  A  L  regions  may  not  be  totally  excluded. 
A  /ortex  flow  is  very  complex  and  not  completely  understood. 

1  ^  Comparisons  in  a  low  shear  flow  environment  (airfoil  wake)  of 

■  v  ■ 1 :  -hoi-  nrobe  nr-  a  r  ur  e  me  r  1 3  and  n  o  t  -  w  i  >'  anemometer  measurements 

are,  however  .very  favorable  and  no  discrepancies  or  positive  7  :j  7  A  L 
measurements  exist  (Ref.  2  6).  This  seems  to  indicate  that  the 

problem  of  poriMvo  CtqtAL  ’  s  are  only  associated  with  high  shear 

..•w:-,,  ii n 1 1  1  u  i-:-  »  ••  ••  r  ■  be  (manufacture,  calibration. 
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Fiflure  21.  SEVEN-HOLE  PROSE  CONSTRUCTION 
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Figure  22.  CONVENIENT  PROBE  DESIGN 


i  r it  ,  it  is  difficult  to  hold  five-hole  tubing  parallel  with  the 
er.  tor  tube  and  in  perfect  azimuthal  position  for  soldering, 
e-'-ond  ,  a  high-powered  magnifier  is  required  to  assure  equal 
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,iies.  i-  i ;.  a  1  J.  y  ,  there  i  .>  no  guarantee 


hi  h  the  fo-jr  slider  fillets  shown  below  will  be  equal,  or  even 
early  e q u  a  1 . 
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Figure  23  FIVE-HOLE  PROBE  ASSEMBLED 
FROM  TUBES 


A  .Vi  ,1  g  j  i  o  k  ri  o  t  e , 
tubes  is  shown  below, 
e  e  r.  ter  tube. 


a  simpler  geometric  arrange  in  ent  for  five 
This  order,  however,  lacks  the  required 


Figure  24.  FIVE  TUBES  IN 
THE  SMALLEST 
CIRCUMSCRIBED 
CIRCLE 

over  the  years,  multi-hole  probe  construction  has  uncovered 
certain  features  that  increase  the  accuracy  of  pressure 
measurement.  Total  pressure  measurement  can  be  largely 
desensitized  to  alpha  and  beta  by  flaring  the  stagnation  port  it 
an  angle  of  30  to  oO  degrees.  Yet,  the  probe's  overall  sensitivi 
to  flow  angularity  can  be  increased  by  decreasing  the  tip 
h  a  1  f  -  a  n  g  1  e  (  <-  )  .  The  drawback  to  a  small  h  a  1  f  -  a  n  g  1  e  is  that  tn* 
flow  will  separate  from  the  leeward  surface  when  uT  exceed:;  i. 
t  H  e  f  .  1  )  . 

C .  Measurement  Krror  Sources 

Once  smaller  probes  are  built,  they  are  more  sensitive  1  • 
-inurement  errors  caused  by  flow  debris  and  damage.  These  t 
‘iff*  ■  ■  t c  n  be  minimized  prior  to  use  by  reverse  air'- low  t  h  r  n  u  ►  ■ 
.'Logged  ports,  by  dust  covers  over  port  entrances ,  and  by  simpl". 
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u  I  handling  of  smaller  probes. 

H  off  man  i 'tent  i  Ties  three  other  error  sources  that  ad  vers 
t.  a  probes  measurement  of  pressure,  orientation,  and  »f  1 
1  ).  These  sources  include  the  time  lag  between  sensed  .< 
i  pressures,  the  pressure  transducer  resolution  and  fr*>:| 
nse  ,  and  the  resolution  of  the  a  r.  a  !  ngH  t  o^d  1  g  i  t  a  1  con  vers 
res  sure  transducer  resolution  and  a  r.a  1  og-  torn!  i  g  1 1  a  1  r  «.*no 
•  th  beyonu  the  scope  of  this  report  ;  however’,  the  other 
are  discussed  in  the  following  paragraphs  (Hef.  1  )  . 

As  flow  field  conditions  change,  the  probe  surface  press 
<■  nearly  instantaneously.  These  pressure  changes  are 
m i 1 1  e d  to  the  pressure  transducers  by  a  finite  amount  of 
g h  a  connection  tube.  Huffman  discusses  the  fact  that  t 
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:  upwoh  I  and  Russell  (Re!'  28  )  define  frequency  res  pons** 

t  h  >  •  i  river-  :,e  uf  the  maximum  dwell  time  necessary  f  r  t 
probe  syrt o m  to  react  to  the  maximum  pressure  difl'm 
exported  where  the  pressur e  sensed  by  the  pressure 
t  r  i  n  s  1  u  c  o "  reaches  9  9  percent  of  the  actual  (  surface  ; 
p  r  e  s  s  j  r  e  . 

'  •  ‘>;h  pressure  time  lag  is  the  major  factor  in  the  probe's 

:  .*■!!.'  y  response  ,  it  is  not  the  sole  contributor.  The  f  r  e  q  u  e 
• ;  of  t  transducer ,  the  computational  time  required  to 

\v‘-rt  the  measured  pressure  to  the  desired  output,  the  pressu 
•  ’  f  •  r-*r;ti  ,!  between  the  probe  tip  and  the  transducer  face,  inn 
i.  density  all  affect  the  probe's  overall  frequency  response 


m  i 


l  n 


pr 
r  r 


hrobe  frequency  response  rates  are  generally  of  a  few  Her!. 
■:  use  moder  n  transducers  and  microprocessors  require  only 
:  1 i seconds  to  operate,  their  operat  ion  is  essentially 
st. a  ntarieous ,  and  little  can  be  accomplished  in  these  areas  to 
c reuse  the  overall  frequency  response.  The  final  two  factors 
seriated  with  the  fluid  dynamic  properties  of  the  flow.  The 
f  fersnee  between  the  fluid  pressure  at  a  port  entrance  and  th 
assure  at  the  transducer  face  acts  as  a  driving  potential,  an 
•  •u  ter  differential  increases  the  frequency  response  (Ref.  ,?H  • 
',oo  a  higher  density  increases  the  collision  rate  between 
locales,  an:  therefore ,  increases  the  propagation  rate  of  a 
■■.sure  pulse,  greater  density  is  synonymous  with  greater 
Miuenoy  res; .  n  o.  in  considering  the  effect  f  :■  ii  .  , 

e r’  the  assumption  of  a  constant  static  p  j  ;  •  a"?  ' 

■  ■  f  the  prol.e  .  Remember  ir.  g  i’  «  g  R  T  ,  one  should  reili;;  t  h  a 
, . ;  i  t  v  of  th  f  1  n  w  i  s  d  open  d  ■  *  r.  *  u  pon  p  r  e  s  a  are  . 


r  e  1 1  i 


I1  he  two-dimensional  planes  or  test  girds,  started  twelve  inches  af 
of  the  wing's  trailing  edge  and  moved  forward  (toward  the  wing)  by 


two  inch  increments  for  every  data  set.  From  these  test  runs, 
capabilities  and  limitations  of  the  seven-hole  probe  under  mild 
gradient  conditions  are  examined  and  a  wingtip  vortex  is  mapped. 

•  rossf lo w  V  elocities 

Too  first  step  in  vortex  analysis  is  to  examine  the  crossflow 
v  1.  •Lfies  in  each  plane.  Crossflow  velocity  plots,  which  are 
do!  by  a  factor  of  two  are  shown  in  Figures  27a  to  27h  (  Fief. 

With  past  errors  in  gradient  regime,  one  would  expect  errors 
in  .e-ven-hoie  readings.  Suspect  data  of  this  nature  (Ref.  29)  are 
identified  by  inconsistencies  in  the  crossflow  plots,  such  as  an 
inordinately  Large  or  small  arrow  (Fig.  28)  or  an  arrow  in  the 
w"  >ng  direction.  However,  the  actual  crossflow  plots  do  not 
confirm  these  expectations.  The  velocities  are  well-behaved,  and 
t: r.  i  i.conii  istanei  <;s  are  seen  near  the  vortex  core  where  high  shear 
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Figure  27.  CROSSFLOW  VELOCITIES  OF  WING  TIP  VORE  VORTEX 


Figure  29.  MAGNITUDE  OF  CROSSFLOW  VELOCITY 


Th  1  new  representation  of  the  velocity  data  shows  how  the 
vortex  expands  and  decays  as  it  moves  downstream.  Represented  by 
the  velocity  magnitude,  the  vortex  strength  decreases  as  the  vortex 
expands.  The  vortex  velocity  gradient  also  decreases  since  the 
vortex  is  diffusing.  Discontinuities  do  occur,  however,  at  the 
ei.ght-ir.ch  plane.  As  seen  in  Figure  29,  the  velocity  magnitudes 
are  smaller  than  those  for  the  six-inch  plane,  but  they  are  also 
smaller  than  those  in  the  ten-inch  plane.  This  data  must  be 
incorrect,  for  the  vortex  cannot  be  weaker  at  eight  inches 
downstream  than  it  is  at  ten  inches.  Because  of  the  suspect  data, 
the  eight-inch  plane  is  removed  from  future  analysis. 

i n  order  to  find  a  point  at  which  the  velocity  gradient  in  the 
flow  is  great  enough  to  induce  noticeable  error,  additional 
me  n'jrements  were  taken  at  planes  one  - quarter  and  onerhalf  inch 
behind  the  trailing  edge.  Again,  the  sevenohole  probe  exceeds 
expectations  by  revealing  no  such  noticeable  error.  The  crossflow 
olnts  for'  the  two  additional  planes  are  shown  in  Figures  30a  and 
10  i;  and  are  scaled  by  a  factor  of  ten. 
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Definition  of  flow  Field  Pressure  Coefficients 


n 

Because  pressure  measurements  are  affected  by  slight  shifts  in 
wind  tunnel  velocity  and  temperature,  pressure  coefficients  are 
used  when  the  local  and  total  tunnel  pressures  are  compared  and 
non-d  linens  ion  1  a  1  ze  d  by  the  tunnel  dynamic  pressure.  These  three 
coefficients  are  defined  below: 


\sTAT 1 C 
( TOTAL 


cdyn  S’Otal  “  cstatic 


1 


(  39  ) 


O  M 

Probe  measurement  errors  may  be  found  by  determining  the 
correct  values  for  these  three  pressure  coefficients,  either' 
theoretically  or  experimentally  with  another  device,  and  comparing 
these  values  with  actual  seven-hole  probe  data.  Vortex  pressure 
coefficient  trends  may  be  found  through  analysis  of  a 
two-dimensional  vortex. 


!j  ■  -TOTAL 

For  an  ideal  two-dimensional  vortex,  angular  velocity 
increases  inversely  as  the  distance  to  the  vortex  center  decreases 
(Figure  31).  Heal  vortices,  however,  are  subject  to  viscous 
effects.  Outside  of  point  A,  the  flow  i3  essentially  invisoid. 
Inside  that  point,  viscous  forces  reduce  angular  velocity  until  it. 
r  r  a  o  h  e  s 


zero  at  the  vortex  cente”. 
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Figure  31.  ANGULAR  VELOCITY  OF  VORTEX 


e  s  e  two  flow  regions  directly  affect  C  T  q  7  A  ^  values.  Bee 
rossjre  is  constant  in  incompressiMe,  inviscid  flow,  Cr. 

in  the  inviscid  region.  On  the  other  hand,  the  viscous 
found  within  the  vortex  core  decrease  the  flow's 
n'-hanica.  energy.  P0  decreases  causing  Ctqtal  to  become 
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he  f  1  jw  progresses  downstream,  Lower  velocity  gradients  prod  j<-<- 
ler  viscous  forces,  smaller  deficits  of  fluid-mechanical 
g y ,  and  small  bu ck c t^shaped  area  plots.  The  two  areas  of 

live  d total  in  onch  of  the  centerline  plots  is  unexpected.  The 

mat  the  magnitude  of  the  positive  C-poTAL  values  is  always 
mr  on  the  outboard  side  of  the  wing  than  on  the  inboard  side 
r.  ■:  x  p  i  1  c  a 1  e  .  The  sets  of  contour  plots  and  axonometr  ic  plots. 

end  lx  A ,  show  that  CjqtaL  is  positive  only  on  the  two  sides  of 
vortex  parallel  to  the  wing.  The  vortex  data  behaved  normally 
.  ■  and  below  t.  .he  wing.  In  duplicating  Jonas's  previous  positive 

A:,  results  tne  vortex  data  seem  to  indicate  a  limitation  in  the 
n-hoie  probe’s  measurement  capabilities.  It  is  still  possible, 

v e r ,  that  the  positive  CfOTAL  values  may  be  the  result  of  a 
infer  mechanism  that  is  not  yet  understood. 

1  : 1 T A T  IC 

Like  L xotaL >  the  presence  or  absence  of  viscosity  affects  the 

os  of  C 3 t a T  I  C •  A I  f  reestream  conditions,  C s t  a T  I C  equals  zero, 
reading  inward  from  the  freestream  conditions  to  point  A,  the 

lar  velocity  increases,  static  pressure  drops,  and  CgTATIC 
eases  from  zero  to  a  negative  value.  To  determine  what  happens 
he  viscous  region,  the  following  mathematical  analysis  is 

i  r  e  d  . 

llj'  >'ll‘ 

d7  "  T — U- 

<■  .  C  lip  ,ic* 

,i  free  vortex  u  =  —  so.  — 1 L  =  -‘-t- 

r  dr  r 


A 


!  o  r 


solid  body  rotation  u  -  .  r  so, 


w  r 


n g  f\  r  p  results  in  the  following: 


l1 


P 


•>  ''l  i  ard  ’Mb  when  superimposed  reveal  a  bucket-shape 
•TOTAL •  Ihe  entire  CgyAxiC  curve  is  shown  in  Figure 


Figure  34.  VORTEX  C  STATIC 


A  r. 


•"ply  the  3'J  b  t  r  a  c  t  i  o  n  of  1-STATIC  from  C-TOTAl, 


■  o  s  t  r  e  a  m 


:  ■  Y  N  '  V  1 1.  *  : 


cro  .  -'DYNAMIC  equals  the  absolute  value  of  •_ ;; 7 a  ■’  I • '  ' 
t  ”  e  ■]  rr,  conditions  inward  to  point  A  since  e  t  0  T  A  L  Is  r  e 
ntcr  of  the  -  •■‘ex’,  1  oca  1  velocity  and  therefore  I  o  c  a 

r  e  s  s  0  r  e  .1  r  zero  e  jus  i  rig  -DYNAMIC  to  equal  -1.  From 
r  ,  '  o  y  ;.A  V  i  c  h  a  g  r.  .1  s  in  fig  u  re  y ,  . 


Insert  Figure  35 


C  DYNAMIC 

Flgur*  36.  VORTEX  C0Y„AM|C 


Experimental  data  supports  the  theoretical  analysi 


eems  somewhat,  surprising  in  lieu  of  the  questionable  posi 
values.  The  Important  factor  missing  from  the  coefficie 
are  the  relative  magnitudes.  Because  Cyg-p^p  values  are  v 
to  zero,  the  contribution  of  C  t  o  T  A  L  ^  s  n  0 t  very  signifies 

c  u  1  c u  1  a  t  i  o n  of  0  p y  N  A M I C  • 

:  ,n  A  p  p  i  ic a  t.ions 

oday  '  s  flow  mapping  efforts  are  much  more  complex  than  to 
example.  Besides  Jonas'  VATOL  flow  field  measurer!- 
hole  ;;  roiit:  work  at  the  Air  Force  Academy  has  examined  r  a 
lifting  surface  wakes  of  canard/swept  wing  aircraft , 
ield  characteristics  of  square  cross-sectional  missile 

Probe  ciiibration  end  measurement  of  unknown  flowfiel.l 
1  s o  be e n  conducted  at  the  NASA  Ames  Research  Center  in  t  h 
o t  and  It  foot  transonic  wind  tunnels  (Ref.  30). 

•.•merits  of  wing  and  canard  j  e  t  -  f  1  a  p  effects  as  well  as  t.  h  • 
s  of  prop  far.  installations  have  been  made  with  multiple 
proble  installations.  Yet,  these  more  complex  research 
s  are  founded  on  the  basic  analysis  and  data  presentation 
ned  in  the  vortex  example. 

riff  in  1  Fief.  31)  used  cross  velocity  and  pressure  contour' 
udy  of  canard  /  forward  swept  wing  aircraft.  Figures  «7  u :: 
ne  two  types  of  data  plots  in  the  same  spat,  i  a  1  rel.it  to  nr.!, 
n  e  i  :•  d  a  t  a  points  have  to  the  model. 
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Figure40.  AXONNMETRIC  PROJECTIONS,  C  TOTAL*  DATA  PLANES  ZP6  TO  ZMP5 


Gerner  and  Duraton  at  NASA  Ames  took  Jonas'  data  and  prod u end 
a  series  of  12  color  contour  photographs  that  span  the  development 
through  decay  of  the  VATOL  vortices.  The  study  was  limited  to  the 

examination  of  local  total  pressure  or  The  color  contours 

allow  more  detail  in  data  representations  by  making  pressure 

differences  easier  to  see.  Regions  of  positive  C^oTAL  are  clearly 
distinguished  from  other  points  in  the  flow  field.  As  seen  in  the 
other  data  schemes,  the  color  contours  reveal  that  the  VATOL  is  in 
a  slight  sideslip.  This  causes  the  right  vortex  to  burst  prior  to 
the  left  vortex. 

V [ [ .  Conclusions 

As  shown,  the  seven-hole  pressure  probe  remains  a  valuable 
measurement  tool  for  the  documentation  of  unknown  flowfields.  The 
device  has  a  greater  measurement  range  and  flexibility  than  other 
similar  obtrusive  flow  measuring  devices.  The  seven-hole  probes 
themselves  are  easily  constructed  and  calibrated  for  use  in 
subsonic  compressible  flows.  Measurements  in  adverse  shear  flows 
can  be  corrected  to  give  actual  flow  conditions  based  on  the 
methodology  developed  in  this  paper.  Finally,  as  shown  in  the 
application  section,  the  probe  is  not  only  a  valuable  research 
device  but  educational  as  well  in  demonstrating  fundamental  flow 
properties. 
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Symbols 


the  1th  value  of  a  particular  data  point  either  known  or 
determined  from  calibration  equations 

local  dynamic  pressure  coefficient 

coefficient  representative  of  compressibility  effects 

apparent  total  pressure  coefficient 

coefficient  of  pressure 

apparent  dynamic  pressure  coefficient 

local  static  pressure  coefficient 

Local  total  pressure  coefficient 
angle  of  attack  pressure  coefficient 
angle  of  sideslop  pressure  coefficient 
roll  angle  pressure  coefficient 
pitch  angle  pressure  coefficient 
body  geometry  function 

calibration  coefficients 

length 

Mach  number 

pressure 

d  y  n  a  rr.  i  c  pressure 
cylindrical  coordinates 
t ■  •  s :  us 

d i stance  between  centers  of  opposing  holes 
local  velocity,  perturbation  velocity  component 

v  i;  1  o  city 

C a r t o s i a n  coordinates 
angle  of  attack 
a  n g . e  of  sideslip 


6 


£  probe  tip  half  angle 

f  ratio  of  specific  heats 

v  roll  angle 

P  density 

u  pitchangle 

subscripts 

C  uniform  incompressible  flow 

(i,j)  local  property  or  condition 

o  total  or  stagnation  condition 

freestream  conditions 
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